The unique character of adaptive immune receptor genes has been exploited in numerous ways to investigate the human immune system. Knowledge of lymphocyte development processes, and inferences based on existing paradigms of immune mechanisms, enable us to use the unique information embedded in the DNA sequence of the immune receptor repertoires to study human immune responses, where previously such insights could only be gained in animal models. In particular, B cell receptors (BCR) offer a wealth of information, being subjected to somatic processes of mutation and class switching after activation by antigen. Since these receptors can be secreted as antibodies they The clonal selection theory of immune responses is predicated on the existence of a hugely diverse set of specificities, from which the chance of finding a match to the antigen is high. Cells that respond to antigen are expanded in the repertoire, may also be affinity DOI: 10.1111/imr.12659 
| INTRODUC TI ON
The unique character of adaptive immune receptor genes has been exploited in numerous ways to investigate the human immune system. Knowledge of lymphocyte development processes, and inferences based on existing paradigms of immune mechanisms, enable us to use the unique information embedded in the DNA sequence of the immune receptor repertoires to study human immune responses, where previously such insights could only be gained in animal models. In particular, B cell receptors (BCR) offer a wealth of information, being subjected to somatic processes of mutation and class switching after activation by antigen. Since these receptors can be secreted as antibodies they are of interest in many different areas of immunology as well as in the pharmaceutical industry where there are already more than 50 therapeutic antibodies approved for clinical use with many more in the pipeline. 1 In addition, the elucidation of BCR specificities facilitates their use as single chain fragment variable regions (ScFv) in making Chimeric antigen receptors for T cell immunotherapy (CAR-T cells). 2 The clonal selection theory of immune responses is predicated on the existence of a hugely diverse set of specificities, from which the chance of finding a match to the antigen is high. Cells that respond to antigen are expanded in the repertoire, may also be affinity DOI: 10.1111/imr.12659 immunoglobulin repertoire has been estimated to be in excess of 10 18 , which is 10 5 times more than the estimated number of B cells in the body. 3 The enormous diversity facilitated by V(D)J recombination has the disadvantage that some B cells may carry receptors that bind selfepitopes, leading to autoimmune disease, so we need mechanisms of tolerance to remove such cells. B cell receptors which bind self-antigen in the bone marrow are selected against via receptor editing (where the light chain of the B cell receptor is exchanged for a different light chain in an attempt to avoid self-reactivity) or cell death. B cell receptors which do not bind self-antigen proliferate and are released into the peripheral blood. Autoimmune disease may occur when central tolerance fails to remove autoreactive B cells before they leave the bone marrow. Several autoimmune diseases are associated with defective central tolerance mechanisms, for example, systemic lupus erythematosus (SLE), 4 rheumatoid arthritis (RA) 5 , and type 1 diabetes. 6 Autoimmune disease can also be a result of failed peripheral tolerance mechanisms, where self-reactivity is acquired outside the bone marrow and needs to be removed. The affinity maturation process of adapting to immunological challenge may, in itself, create autoreactive specificities which require removal from the repertoire. 7 In our own work, we have exploited the unique nature of immunoglobulin gene generation and maturation to investigate B cell dissemination and development in humans, especially with regard to how B cell protection diminishes, and autoimmune risk increases, with age. 8 Along this journey, we find that repertoire analysis methods also provide information about intrinsic processes of immunoglobulin diversity generation that may be of benefit in therapeutic antibody design and discovery.
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Immunoglobulin gene analysis as a tool for investigating human immune responses
Deborah
| G ENER ATI ON OF B CELL D IVER S IT Y
Immunoglobulin genes are initially formed by gene rearrangement processes during B cell development in the bone marrow. Upon antigen activation they undergo further diversification by processes of somatic hypermutation and class switching in the periphery. 18 and maturing cells exit the process as memory or plasma cells. 19 Hence, when looking at the immunoglobulin gene rearrangements in a sample, the presence of mutations, in comparison to germline sequences, makes it evident that the cell has been activated by antigen. Thus, we could show for the first time that even though the B cells of the splenic marginal zone were not class switched, retaining
| Gene rearrangement
IgM functionality, they were still antigen-experienced cells as their
Ig genes were mutated. 20 In chronic lymphocytic leukemia (CLL) the extent of mutation was investigated to try and understand the etiology of the disease and it was found that there were two different classes of CLL with prognostic significance, those with mutated immunoglobulin genes and those carrying germline immunoglobulin genes. 21 The extent of hypermutation may reflect the ongoing activation of a B cell clone and, in agreement with this, we have found that the mucosal barrier environment, where there is constant immune challenge, holds B cells and plasma cells with highly mutated
Ig genes compared to systemic tissues. [22] [23] [24] The extent of hypermutation has also been used to infer the likely activation pathway of a repertoire, with the assumption being that a T-dependent response would always produce B cells carrying more highly mutated Ig genes than a T-independent response. There is some evidence for this since patients with CD40L deficiency, whose B cells are unable to receive traditional T cell help, have fewer mutations in their class switched repertoire than controls. 25 Therefore, a study of the human immune response to Dengue infection, which showed a hypomutated repertoire, lead to a model of Dengue immune response involving the T-independent repertoire as well as the T-dependent response. 26 The question of whether an antibody has undergone antigen selection as part of its development has been asked in the context of studies on vaccine development, infectious disease, lymphomas and leukemias and autoimmune diseases. The initial hypothesis was that statistical comparison of replacement and silent mutation distribution across the IGHV gene would differ in an antigen-selected gene compared to the mutation expected if it were completely random with no selection pressure. Such that an antigen-selected gene would have more replacements than silent mutations in the CDRs which encode the antibody binding site, and conversely more silent than replacement mutations in the framework region of the antibody that is needed for antibody structural integrity. 27 Calculations then had to be modified to account for our discovery that even in the absence of selection, in out-of-frame gene rearrangements there were more mutations in CDRs than framework regions. 28 With the later determination of mutational hotspots, 29, 30 that are too large to be phagocytosed. [40] [41] [42] Class switching can be regulated by multiple factors and pathways, both T-dependent and T-independent. As is the case for so- can complement signaling through the BCR to activate both the non-canonical and canonical NFkB pathways and initiate class switching. 43 Similarly, binding of APRIL or BAFF, produced by accessory cells such as neutrophils, 44 innate lymphoid cells 45 or fibroblasts, 46, 47 to TACI on the B cell surface will activate the NFkB pathway via MyD88 to cause expression of AID and class switching. 48 Expression of AID can also be increased by estrogen acting via the HoxC4 AICDA gene activator. 49 The isotype that a B cell will switch to is affected by the environ- 
| Class switching
| REPERTOIRE ANALYS IS APPROACHE S
Techniques that amplify and sequence the repertoire have been collectively referred to as Rep-Seq. 56 The initiating step in B cell repertoire studies was the identification of a full suite of PCR primers that could amplify all expressed heavy chain variable regions in a consensus PCR. 57 Early Ig repertoire analysis used PCR primers that bound in the Variable and Joining regions of the rearranged Ig genes to prepare the amplicon libraries for sequencing. While this had the advantage of being a robust method it did not produce data on the antibody class unless the cells had been sorted using surface markers prior to library generation. It also potentially biased the measurements of J region usage and was open to the risk of V region bias due to faulty primers by virtue of the fact that the V region primers were a mix of family-specific primers. While these early sequencing technologies were invaluable for the discovery of new cell populations, they often relied on expensive and time-consuming cloning that did not capture the full repertoire; due to the single channel capabilities of Sanger Sequencing. 20, 22, 29, 58 Advances in Rep-Seq in terms of primer design, coupled with next-generation sequencing, enabled the full repertoire to be explored with the only drawbacks being difficulty amplifying rare heavy chains, PCR and sequencing bias, and amplification of IgG which is consistently less efficient than other heavy and light chains. A further step forward came with the use of template switch enzymes and 5′ RACE, as has been frequently used in T cell biology. [75] [76] [77] [78] Paired end data can also be limited in ability to distinguish some somatic variants. 79 As such, the Pacific Biosciences (PacBio) RSII system which offers reads lengths of 10 000 bp on average has become increasingly attractive for specialized applications 80 despite its comparatively poor reads per run and high cost (see Table 1 ). The use of barcodes, a string of known nucleotides added to individual samples by using multiple specifically produced primers, allows simple multiplexing on higher cost sequencing platforms but is currently still expensive. We expect that advances in the PacBio read numbers will continue to improve, is required by the researcher (see Table 1 ).
With these advances in Rep-Seq, long read sequencing technol- 82 and others have extended this to show plasmocyte differences. 83 We have also shown repertoire differences as B cells progress through bone marrow development and central tolerance. 84 These studies all serve to reinforce the view that repertoire studies should be conducted on sorted cells, be class and subclassspecific and the subjects should be age matched as well as possible.
The most recent advances in Rep-Seq have come with the use of single cell technologies which allow the full antibody structure, both the heavy and light chain from a single cell, to be uncovered.
These technologies often also have the capacity to produce single cell transcriptomic data (scRNA-seq), the estimated prices for some of the more popular methods are included in Table 2 and see also TA B L E 2 The costs of running some of the more prominent single-cell technologies. Note that prices are estimates and may vary as a result of different suppliers, exchange rates and prices scalable on quantity purchased. None of these costs include sequencing, see The 10X system uses the same machine for both methods. Note that the system will also perform both scSeq and paired heavy light chain from the same sample for US$65 more and TCR on top of that at an additional US$65.
methods that use scRNA-seq data may also be used to reconstruct the joint heavy/light chain repertoire coupled with the full transcriptome. 92, 93 In 2017 10x Genomics produced chemistry kits for their Chromium machine which are capable of producing barcoded libraries for sequencing that can be separately enriched for BCR or TCR data. To date, however, we have not seen any publications that have implemented this. We believe that these new joint heavy-light chain technologies will form the basis of repertoire analysis in the future, as was the case with class and subclass isotyping, because of the additional structural and full variable region data that can be attained.
| CLONALIT Y ANALYS IS
Given the available genes, and the probabilities of nucleotide excision/addition, the CDR-H3 region of heavy chain gene rearrangements is highly diverse, producing unique sequences at each rearrangement event. There are some rare instances, where the CDR-H3 is very small such that the probabilities weigh in favor of seeing the same CDR-H3 in two different rearrangement events, 94 but in general the CDR-H3 can be used as a fingerprint for a particular B cell and its progeny and one would not expect to see two different B cells with the same CDR-H3 in a small sample unless they were related. Clustering immunoglobulin sequences into "clones" allows studies of B cell relationships between different samples and can facilitate the study of repertoire both as a whole, and also looking at the background diversity without the effects of clonal expansion.
| Dissemination
Matching IGH genes with the same CDR-H3 in different areas of tissue can be used to show the dissemination of effector cells between different sites and we first used this in microdissected areas of tissue to illustrate that lamina propria plasma cells are highly mutated and originate in Peyer's patches of the gut. 22, 95 With high throughput sequencing technologies, it has been possible to undertake such dissemination analysis on a much larger scale and to show that there is a certain amount of compartmentalization between mucosal vs systemic tissues in the distribution of B cells. 96 Analysis of clonality on a large scale requires considerable computational resource, and there have been various methods employed over the years. The data need to be analyzed at the nucleotide level to give sufficient discriminatory power and to cope with the complications brought about by hypermutation and sequencing error. These complications also frustrate a definitive clustering of Ig gene sequences into "clones" so all experiments should be comparative using exactly the same methods. We have used a levenstein distance, as opposed to a hamming distance, to build hierarchical clustering dendrograms in order to reduce error introduced by sequence indel errors. 84 This is important where HTS sequencing platforms are prone to homopolymer tract errors as CDR-H3 regions often have larger homopolymer tracts. We use an empirically determined cut off value to split the sequences into clonal groups which errs on the side of inclusivity.
Since hypermutation levels will always confound this analysis it is impossible to get 100% specificity and sensitivity in the clonal allocation, but it is easier to split an incorrectly clustered clone upon closer inspection than it is to know about potential missing sequences.
A recent paper concluded that single linkage hierarchical clustering with Hamming distance has high performance, with specificity, An important caveat to note with all clonality analysis of HTS data is that the results can easily be skewed by the methods employed. Firstly, the creation of libraries of genes is done by polymerase chain reaction (PCR) amplification and so over-sequencing of the library will skew the results to reflect PCR expansion rather than in vivo expansion of the Ig genes. Some of the earlier HTS data was produced in this way. 101 This can be overcome using methods that incorporate UMIs at the reverse transcription step so that only one copy of each mRNA molecule is counted. 102 This method could also be used to align copies of the same sequence to identify and remove sequencing errors in high read methods. In lower read meth- , and Dengue 110 vaccines. However, finding a convergent signature for equivalent challenging antigen preparations may not always be possible, even when temporal data for the response is available. 107 Comparison of predicted sequences from the whole repertoire with sequences obtained after sorting B cells labeled with the specific antigen can help to develop models for in silico prediction of antigen-specific sequences in a repertoire. 111 We do need to bear in mind that a sampling of blood B cells for sequence repertoire is not the same as sampling the antibodies produced in response to challenge. 112 The latter are produced by plasma cells in the bone marrow and the former are more diverse. In addition, we cannot always assume that a large clonal expansion of IgG would indicate best protection. Other classes of antibody have been shown to be important, such as IgM in Ebola, 113 which may be less focussed in their clonal expansion response. In our laboratory, preliminary experiments using ribosome display to capture antigen-specific sequences do find sequences that we see in the whole repertoire, but not in the largest clonal expansions and often are isotypes other than IgG.
| Clonal evolution
Examination of clustered data on an individual clone level can provide information about the evolution of a B cell clone as the Ig genes acquire mutations in the immune response. It is important to know whether an ongoing expansion of cells is just that, expanding exactly the same immunoglobulin gene, or whether there is also ongoing mutation involved-which would imply the involvement of a more complex germinal center reaction and affinity maturation. Determining the relative position of cells from different phenotypical subsets within a lineage tree may also be able to provide information as to the order of lineage relationships.
We have used manually curated lineage trees to show changes in germinal center selection with age, relationships between different types of memory B cells and ongoing diversification in MALT lymphoma. 24, 29, 114 Transferring these more in-depth analyses to high throughput methods is dependent on the accuracy of sequence information, and there is a sense of reluctance in the field to take clear biological inferences from what may not be the most precise data. HTS methods that incorporate UMIs and that provide multiple reads of the same unique sequence may be able to provide data which would overcome this reluctance and it may even be possible to correct sequencing data without the aid of UIDs with the appropriate algorithm such as IgReC. 78 In addition, there are computational methods available for the construction of lineage trees. 115, 116 We also need to recognize that allelic variants may exist in the population that may not be represented in germline gene databases and therefore some "mutations" from germline may be miscalled. These could potentially skew hypermutation data from different patients and there are now methods for predicting germline genes by inference from high throughput data which can help overcome this issue.
117-120
The earliest analyses of antibody lineage trees employed graph theory to extract metrics with respect to the shape of the trees and analyze how these correlated with biological parameters. 24, [121] [122] [123] [124] Later methods are reviewed elsewhere. 125 The shapes of the lin- more data to test these models would be required for them to become of general use. Looking for individual genes may not be the only biomarker of relevance, and modern bioinformatics with B cell repertoire sequencing has been used in the last few years to identify different biomarkers associated with diseases such as multiple sclerosis. 143 One area we believe to be of particular significance is the CDR3 properties of the sequences and the structural information of the antibody when it is available.
| G ENE US E ANALYS IS
| CDR3 CHAR AC TERIS TIC S
The question of which part of the antibody is the most important for antigen binding is an interesting one. As mentioned above, the can take on different structures. 146 As a result of the complexities of protein folding behavior, selection of mutations for affinity may not be directly related to contact residues. 147 We looked for any bi- Similarly, the level of N nucleotide addition in early B cell development is consistent between heavy, kappa and lambda chains within individuals, but differs between individuals. 152 Given the apparent importance of CDR3 size to an antibody response 82, 149 and to central tolerance 84, 150 these interindividual differences may warrant closer inspection in studies on immune disease, vaccination and infection as they may be biomarkers of response or autoimmunity.
The physicochemical characteristics of the CDR3 are also important, not only from the point of view of how they affect protein folding, and therefore the shape space of the binding site, but with respect to their ability to interact with other molecules. For example, folding of the CDR-H3 can be affected significantly by the presence of pairs of cysteines, which can form disulphide bonds. 147 We found that there is some selection against the use of cysteines in central tolerance; the percentage of sequences without any cysteines increases from 85% to 91% between preB and naïve B cells. Although it is difficult to infer an antibody's specificity based on its amino acid sequence, it has been observed that the CDR-H3 regions of antibodies in the bone marrow are on average longer, and more hydrophobic than those in the peripheral blood 84, 1151, 152 , indicating that these CDR-H3 characteristics are selected against during central tolerance. The charge at the binding site is also critical, the prevalence of positively charged arginines in the CDR3 has been associated with binding to (negatively charged) DNA in some antibodies and in SLE 153, 154 and to phospholipid antigens. 155 We have shown that the number of arginines, and the other charged amino acids histidine and lysine, can vary significantly between different B cell populations with an overall increase in moving from the naïve to the memory populations, 82 
| ANTIBODY S TRUC TURE
Given the differences in CDR sequence characteristics between antibodies it is easy to see that the information of real relevance to design of effective antibodies lies in the structure encoded by that sequence. The major hurdle to date has been that immunoglobulin repertoires have either been single chain only, or have been too short to have the full sequence of both chains. Assuming that the single cell and long read technologies will be able to correct this in the near future, then the next challenge will be modeling the protein structure. The steps involved in modeling are reviewed in detail elsewhere, 151 and the challenges are mainly with the CDR3 regions for which suitable templates are not always available in the protein data bank (PDB). We have produced some structures for antibodies that are polyreactive, showing that their long CDR-H3 loops appear to project out of the antigen binding site, but the longer the CDR-H3 then the more likely the antibody would have a flexible conformation and this work is still in its preliminary stages. 160 Others have usefully employed modeling techniques to investigate the maturation of anti-HIV and anti-influenza antibodies. 161 The pipeline for our modeling to date involves making multiple models initially and picking the best one before performing multiple simulations of conformation, using tCONCORD to give an ensemble that can be analyzed. 160 Although this rigorous treatment gives us confidence in the predicted structures, it is computationally quite expensive and difficult to apply in high throughput. A recent paper that used the RosettaAntibody 
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